have shown that the surface heat flux becomes important in summer to the shelf volume heat budget on timescales of about one month or more, although it is small compared to advective fluxes on event timescales of days to weeks. Similarly, Dever and Lentz [1994] showed that the surface heat flux is important to the mean heat balance in spring. The surface heat flux also influences the character of the oceanic surface boundary layer. Brink [1983] and Rosenreid [1987] found evidence that the surface heat flux can modify diurnal variability in the surface mixed layer in coastal upwelling regions. On subtidal timescales, Lentz [1992] found that the magnitude of a positive surface heat flux did not strongly influence surface mixed layer depth during active upwelling, a fact he attributed to a balance between surface heating and offshore advection. This agrees with the Federiuk and Allen [1995] model study of summer upwelling circulation off Oregon which found the surface boundary layer structure was relatively insensitive to a doubling of the surface heat flux from the base case examined. However, the same study also found the presence of surface heating was important in that surface heating greatly reduced the depth of the surface boundary layer compared to a no-surface-heating case. During SMILE, the surface mixed layer deepens in response to the winter surface cooling discussed here.
The 
where I,• is the measured daily mean insolation, is the daily average clear sky insolation, and c• is the local noon solar altitude. Both Iswc, and c• were computed using the Smithsonian meteorological tables [List, 1984] . 
and Q1 -pL•C•(q,, -0.98qs,,t)U,
where p is the air density, Cp is the heat capacity of It is an open question how well this (or any other open ocean) code estimates turbulent air-sea fluxes over the continental shelf where large spatial and temporal changes in surface conditions (such as aerodynamic roughness and temperature) can occur. While this point will be discussed more in section 4.3, results summarized by Fairall and Markson [1987] and Cartart [1990] suggest that our atmospheric measurements were made sufficiently close to the ocean sur- Figure 2 . Schematics of the meteorological buoys deployed at C3 in (a) CODE 2 and (b) SMILE.
The CODE 1 C3 buoy was identical in design to CODE 2 but lacked air pressure and RH sensors. All C3 buoys had steering vanes to help orient the meteorological sensors into the wind. Much of this variability is not independent. In all seasons, there is a link between wind direction and cloud cover. Equatorward winds are often associated with clear skies, and weak or poleward winds with cloudy skies. This affects the downward longwave and shortwave fluxes in opposite ways. In summer, weak or poleward along-shelf winds also cause relaxation from upwelling which raises T• [Send et al., 1987; Lentz, 1987a] .
The cross-shelf wind velocity, although much weaker than the along-shelf component, can affect RH, especially in winter. The lowest RHs tend to occur for offshelf winds (negative u) while higher RHs prevail for on-shelf winds.
C3 Heat Flux Time Series
In this section, we first estimate the uncertainty in the computed heat flux components based on the in situ measurement uncertainties, and then present the C3 daily-averaged heat flux times series for SMILE and CODE. A discussion of uncertainty in latent heat flux follows.
Experimental Uncertainties
Here we combine the in situ measurement uncertainties (Table 3) t Does not include estimated effect of cup overspeeding.
• Includes estimated effect of sensor tilt (the insolation sensor was ungimballed).
that computed using (4) and (5) with different inputs (e.g., by replacing the RH measured in SMILE with its (constant) median value to mimic CODE 1). In general, the largest uncertainties are less than +15 W m 2 and arise from the measurement uncertainty in Isw and RH.
Based on Table 4 , estimates of the maximum uncertainties for each component have been made using the combination of modified input variables which lead to the largest difference from the base case. These estimates are listed in Table 5 together with estimates of the maximum uncertainty in Qn. In all experiments, the uncertainty in Qs was smaller than for other components, and in CODE 2 and SMILE when RH was measured, the uncertainty in Qt was largest. The decrease in uncertainty in Qi in SMILE in comparison to CODE reflects primarily the reduced insolation during Of more concern is the applicability of the bulk estimates to the set of conditions found in this shelf region. The relaxation from upwelling (as marked by the rapid decrease in equatorward winds) begins on July 18 During relaxation events, Qn decreases due primarily to low-level clouds and the resulting decrease in Qi. This is to some extent mitigated by an associated increase in downward longwave radiation. This increase in downward longwave radiation is greater than the increased grey body radiative loss associated with higher T, (Figure 14) . In response to low wind speeds and reduced air-sea temperature differences, Qt and Q• also become quite small during relaxation events. Low wind 
Spatial Variability in Heat Flux Components
We investigate next to what extent the C3 heat flux time series discussed above are representative of the entire shelf near C3, since short spatial differences in wind velocity, cloud cover and sea surface temperature in particular can affect the surface heat flux pattern over the shelf. Our approach is to compare daily-averaged heat flux variables measured simultaneously at two or more locations during the different field experiments. For the radiative fluxes Qi and Qb, we consider Is• and Iz•. For Qt and Qs, we examine the effects of variability in U, T, and T,. Unfortunately, reliable measurements of RH exist only at C3, so that we can only speculate as to its effect on Qt.
Insolation was measured at two or more locations during CODE and SMILE (Table 1) . In Table 7a (Table 6 ) during CODE 1.
Monthly Average Heat Fluxes and Comparison to Climatology
The limited spatial comparisons presented above suggest that the C3 heat flux record is representative of this shelf region in the cross-shelf direction and over at least several tens of kilometers in the along-shelf direction. This allows us to examine the monthly mean (Figure 16d) . CODE and SMILE monthly mean Ta values are likewise lower than the NH climatology (Figure 16c) . Interannual variability is partially respon- sible for some differences. The C3 CODE 1 sea surface temperatures are more than 1 standard deviation less than the NDBC13 10-year mean. This is consistent with the stronger than normal upwelling-favorable winds observed that year. Likewise, the C3 SMILE winter air and sea surface temperatures are lower than the NDBC13 mean values, although air-sea temperature differences are closer to climatology. Differences in cloud cover and RH, while occasionally large, exhibit less persistent biases. There is the suggestion that winter cloud cover and RH are lower at C3 than climatology, while the opposite situation could happen in spring and summer. However, we are unable to assess the relative importance of spatial versus interannual variability here. Comparisons of simultaneous measurements of daily-averaged insolation made in CODE and SMILE are shown. Nonlinear regression formulas are given for different pairs of records based on cross-shelf or along-shelf orientation of the pairs and season. The SMILE data has been split into a winter and spring period, while both CODE i and CODE 2 have been taken as representative of summer. All times listed above are UT. The 95% confidence intervals are based on record lengths divided by integral time scales estimated for daily-averaged insolation for each season listed above and an equal a priori standard deviation from the nonlinear least squares fit for each of the two records considered. Integral timescales were 3 days for winter SMILE, 4 days for spring SMILE, 5 days for summer CODE 1, and 6 days for summer CODE 2. The basic statistics of the individual daily-averaged downward insolation records are listed in Table 7b [Norment, 1992] . While flow distortion due to the rest of the buoy superstructure may be more important, the CODE and SMILE wind sensors were placed to minimize the influence of other sensors and the support structure, and a large steering vane was mounted on the aft end of the buoy superstructure to keep the wind velocity, air temperature, RH and air pressure sensors oriented into the wind (Figure 2) In CODE 1, the C3 and C5 pyranometers were mounted about 0.5 m below the wind sensors, which caused partial shading on clear days with equatorward winds (about 48% of the C3 record). This shading caused a maximum error in the daily total insolation on a clear day of -2.4% at C3 and -1.5% at C5. Since the pattern of shading was quite consistent in each record, the insolation time series were corrected by removing the obvious shadows. Some consistent shading was also observed in CODE 2, and the obvious shadows were also removed. The CODE 2 C3 record had one 177-hour gap which was filled using C2 insolation data since dailyaveraged C2 and C3 data generally agreed within q-10% (although the C3 insolation was generally higher).
Summary and Conclusions
In SMILE, two pyranometers were mounted slightly above the other sensors and shading was not observed. However, the C3 Eppley precision spectral pyranometer (PSP) and the 8-48 data included many time gaps useful data for much of SMILE, with some gaps, primarily in the two buoy records during the last 2 months of the experiment. The three PIR records were compared over a 124-day common period, indicating that the C3 PIR1 and PIR2 records disagreed by 4.2% on average, with PIRI>PIR2, while the C3 PIR2 record was larger than the Stewarts Point PIR by 1.0% on average. Based on the better agreement between Stewarts Point and PIR2 data, the Stewarts Point data were used to fill gaps in the PIR2 record to produce a best C3 l• and vector-averaging current meter (VACM) at C5 (see Table 3 for sensor depth). Measurements of velocity differences over the top 5 m during SMILE using a vertical array of acoustic current sensors indicate that they were generally small, less than 0.03 m s -1 [Santala, 1991] . The second is to present on its own merits the net surface heat flux and its components in this region. As the Oregon shelf remains an active area of modeling and observational study, we believe this is an appropriate given the small pressure effect on air-sea heat fluxes and the larger uncertainty due to RH. Other measurements used were acquired at the B3 buoy. Measurement heights for the particular instruments used are given in Table B1 . The air pressure height is that at H5.
The hourly meteorological data and the daily-averaged cloud factor are presented in Figure B1 . The CUE II data display some similarities with the summer CODE data taken some 750 km to the south. Winds are primarily equatorward, and, while statistical reliability for the relatively short 25-day record is suspect, the insolation data indicate equatorward winds are often accompanied by clear skies. One difference from the greater RH at the sea surface. Of course, the difference in relative Ta and T8 also affects Q s.
Compared to Q• and Q• differences, mean insolation differences between CUE II and CODE are small during CODE I but larger during CODE 2. Although the computed mean July Qb loss is approximately the same over the Oregon and northern California shelves, there is considerable uncertainty as to its magnitude during CUE II. The mean CUE II Qb loss in Table B2 is . Only through direct measurement of incident shortwave and longwave radiation, wind speed, RH, Ta, and T• can accurate estimates of surface forcing over the shelf be achieved. Fortunately, the technology to make these measurements on a moored platform with high data return has been improving and is now becoming routine. Given the importance of surface forcing on many shelf processes, we encourage making air-sea flux measurements a key component of future shelf physical oceanographic experiments.
